Abstract. Interactions among multiple causes of ecological perturbation, such as climate change and disturbance, can produce ''ecological surprises.'' Here, we examine whether climate-fire-vegetation interactions can produce ecological changes that differ in direction from those expected from the effects of climate change alone. To do so, we focus on the ''Big Woods'' of central Minnesota, USA, which was shaped both by climate and fire. The deciduous Big Woods forest replaced regional woodlands and savannas after the severity of regional fire regimes declined at ca. AD 1300. A trend toward wet conditions has long been assumed to explain the forest expansion, but we show that water levels at two lakes within the region (Wolsfeld Lake and Bufflehead Pond) were low when open woodlands were transformed into the Big Woods. Water levels were high instead at ca. 2240-795 BC when regional fire regimes were most severe. Based on the correlation between water levels and fireregime severity, we infer that prolonged or repeated droughts after ca. AD 1265 reduced the biomass and connectivity of fine fuels (grasses) within the woodlands. As a result, regional fire severity declined and allowed tree populations to expand. Tree-ring data from the region show a peak in the recruitment of key Big Woods tree species during the AD 1930s drought and suggest that low regional moisture balance need not have been a limiting factor for forest expansion. The regional history, thus, demonstrates the types of counterintuitive ecosystem changes that may arise as climate changes in the future.
INTRODUCTION
Studies of modern ecological dynamics indicate that unanticipated ecological changes (ecological surprises), including unexpected shifts in species abundances and vegetation composition, may result when an ecosystem is affected by two or more simultaneous perturbations like climate change and severe disturbance (Paine et al. 1998) . Ecological surprises can also result from dynamics that have never been observed, such as those driven by large climate changes (Doak et al. 2008) , and therefore may be especially common in response to ongoing global changes. Paleoecological studies have increased knowledge about the responses to climate change, but they have also been limited in ways that may prohibit the recognition of surprising ecological dynamics: both the causes and responses of past environmental change have often been inferred from the same data sets (e.g., fossil pollen data). The underlying relationships (e.g., between vegetation, climate, and disturbance regimes) have to be assumed, which leaves little room for recognizing the unexpected and has led to uncertainties about how rapidly and directly vegetation has responded to climatic change in regions such as the fire-prone ecotone between the prairies and deciduous forests of central North America (e.g., Camill et al. 2003 , Umbanhowar et al. 2006 , Nelson and Hu 2008 .
To study potentially surprising ecological responses to multiple perturbations (i.e., climatic and fire regime changes), we evaluate independent reconstructions of climate, fire, and vegetation over multiple centuries when processes such as postfire succession and responses to century-scale climate changes could have interacted. In doing so, we focus on a region shaped by the interactions among climate, fire, and vegetation at a prairie-forest ecotone: central Minnesota's Big Woods.
During early European settlement in Minnesota in the AD 1850s, Acer saccharum Marsh., Tilia americana L., and Ulmus spp. dominated a biogeographical island of dense deciduous forest, known as the Big Woods, which then covered ;6500 km 2 amid woodlands and prairies (Fig. 1) . The forest also contained significant populations of Fraxinus, Ostrya, Populus, and Quercus species, and grew where topography and surface water bodies 3 Present address: Department of Geology and Geophysics, University of Wyoming, Laramie, Wyoming 82071 USA. E-mail: bshuman@uwyo.edu protected the tree populations from severe prairie fires (Daubenmire 1936 , Marschner 1974 , Grimm 1984 . However, closed forest in the area of the Big Woods only began to develop several centuries earlier when the severity of the regional fire regime decreased after ca. AD 1300, and did not become composed of Acer-TiliaUlmus communities until ca. AD 1500 (McAndrews 1968 , Grimm 1983 , Umbanhowar 2004 ). Prior to AD 1300, the region was broadly similar to the Quercus woodlands and prairies that historically surrounded the Big Woods to the east and north (Grimm 1983 (Grimm , 1984 where sedimentary charcoal data record high-severity fire regimes (Umbanhowar 2004) . Indeed, Quercus woodlands had been extensive in the region between 2300 and 500 BC when charcoal data show that regional fire regimes had been most severe (Camill et al. 2003 , Umbanhowar et al. 2006 . This paper focuses on how the regional climate changed when the Big Woods formed to elucidate the climate-fire-vegetation dynamics involved. The forest developed after a period of severe regional aridity and low regional forest cover from ca. 6000-2000 BC ( Fig. 2; e.g., Bartlein et al. 1984 , Bradbury and Dean 1993 , Clark et al. 2001 , Camill et al. 2003 , but much less is known about how climate changed after 2000 BC. Grimm (1983) presented a widely cited hypothesis (e.g., Clark 1988 , Laird et al. 1996 , Brugam and Swain 2000 , Fritz et al. 2000 that an increase in regional precipitation rates decreased fire frequencies and encouraged tree recruitment. Yet, the key Big Woods taxa had tolerated the driest portions of the Holocene (Fig. 2D-F) , and Umbanhowar (2004) , paralleling ideas presented by Clark et al. (2001 Clark et al. ( , 2002 , has proposed an alternative (and more ''surprising'') hypothesis that drought encouraged forest expansion by lowering the abundance of fine grassland fuels, thus reducing fire severity.
The two alternative hypotheses have never been explicitly tested. We evaluate a prediction made by Grimm (1983:347) that ''the history of vegetation should be consistent with any detailed history of climate Locations of semi-submerged stumps (X), cores (circles), and the GPR profiles (lines) are shown. (D) Solid white lines depict the bathymetry of Wolsfeld Lake at 1.5-m intervals; 1-m intervals are used on (E) the bathymetric map of Bufflehead Pond (maximum depth 7.3 m). The location of Elk Lake (EL), Minnesota, is also shown (in panel B) because data from the lake are presented in Fig. 2. reconstructed from water-level changes.'' To do so, we reconstruct the water-level history of two small lakes in the Big Woods region (Fig. 1) . In addition, we use recent forest history data to study moisture-vegetation relationships over the last few centuries. The results underscore both the complications related to projecting future vegetation responses to climate change, and the importance of using multiple lines of evidence to understand past climate-ecosystem interactions.
STRATEGY AND STUDY SITES
We use stratigraphic evidence to document past shifts in lake-shoreline elevations and thus reconstruct moisture history to compare with the regional vegetation and (Bradbury and Dean 1993) show that similarities exist between the mid-Holocene and the last millennium. (D-F) Pollen data from Kimble Pond (dashed line; Camill et al. 2003) , Pogonia Bog Pond (solid line; Brugam and Swain 2000) , and Wolsfeld Lake (gray line ; Grimm 1983) in the Big Wood region show high relative abundance of several key Big Wood taxa (D, Ostrya-type; E, Tilia sp.; F, Acer sp.) during the mid-Holocene as well as the last millennium. The period when the Big Woods formed is marked by the vertical gray bar. Sediment quartz content is presented as determined from the relative height (in mm) of intensity peaks measured by X-ray diffraction (XRD).
fire-history data. The approach builds on the wellestablished concept that sandy sediments and littoral plant remains tend to accumulate closer to the center of a lake when water levels are low, and climate conditions dry, than when water levels are high and conditions wet (e.g., Dearing 1997 , Digerfeldt 1986 , Shuman 2003 . When lake levels drop, wave action can prohibit or slow the accumulation of fine-grained, low-density sediments near shore, and can thus form a break (unconformity) in the nearshore lake-sediment sequence. Conversely, finegrain sediments typically deposited in deep water can be deposited close to shore during times when water levels are high.
To assess the past lake-level history according to this framework, we used ground-penetrating radar (GPR) profiles and transects of sediment cores to detect changes in (1) the geometry of sediment accumulation (i.e., unconformities and episodes of shoreward sedimentation), (2) the types of sediments (i.e., sand vs. silt) in different locations within each lake, (3) the sediment accumulation rates (i.e., evidence of slowed accumulation near past shorelines), and (4) the distribution of littoral and nearshore terrestrial vegetation. We also examined fossil pollen in the sediment cores.
The work was conducted in two Minnesota Scientific and Natural Areas (SNAs) that contain areas of Big Woods forest that were never cleared after EuroAmerican settlement (Fig. 1) Grimm (1983) initially dated the vegetation history of the region. In the Wood-Rill SNA, 3 km from Wolsfeld Woods, we studied Bufflehead Pond (44859 0 13 00 N, 93832 0 10 00 W; 295 m elevation; 2 ha), as well as the local forest history. Bufflehead Pond has no surface inlets or outlets and a maximum depth of 7.3 m. Wolsfeld Lake has surface inlets and outlets, but has a similar maximum depth of 7.9 m. Both lakes formed within a moraine deposited by the Des Moines lobe of the Laurentide Ice Sheet. The water levels of similar lakes have been widely shown to track the balance of precipitation minus evapotranspiration (moisture balance) in a region, and their histories tend to be regionally consistent with each other (e.g., Harrison and Digerfeldt 1993) .
FIELD AND LABORATORY METHODS
At each lake, we collected subsurface profiles using an SIR-3000 GPR (ground-penetrating radar; Geophysical Survey Systems, Salem, New Hampshire, USA) with a 200-MHz antenna, and transects of sediment cores using a simple piston corer with 10 cm diameter polycarbonate tubes. Because the Big Woods developed recently, only short (0.5-2 m length) surface sediment cores were collected. All cores are labeled here by the first letter of the lake's name and then by a number that is the core's water depth in centimeters. At Wolsfeld Lake, we obtained three cores (W180, W200, W210) in AD 2007 at 30, 32.5, and 35 m south from the north shore. At Bufflehead Pond, four cores (B60, B80, B100, B110) were collected in AD 2005 at 5, 10, 15, and 25 m north from the south shore. We compared the sedimentary and macrofossil record of lake-level change in these cores with fossil pollen from a core (B690) collected at the center of Bufflehead Pond, as well as with published pollen and charcoal data from the region. B690 is a composite of two separate cores collected within 50 cm of each other: one contains undisturbed modern sediments, but the second extends to a greater depth than the first. Aerial photos archived at the John Borchert Map Library at the University of Minnesota provide evidence of recent lake levels, as do the ages and elevations of two semi-submerged tree stumps at Bufflehead Pond.
Two macrofossil samples from a core at Wolsfeld Lake, six macrofossil and charcoal samples from three Bufflehead Pond cores, and two wood samples from the Bufflehead Pond stumps were dated by AMS (accelerator mass spectrometry) radiocarbon analysis at Beta Analytic (Miami, Florida, USA) and the Keck AMS facility at the University of California-Irvine (Table 1 ). All radiocarbon ages were calibrated to account for variations in the atmospheric concentration of 14 C through time using CALIB 5.0 ). CALIB 5.0 also calculates probabilities of the samples' ages falling within sub-ranges of the analytical uncertainty of each radiocarbon date; we present these probabilities where relevant. One recent sample was calibrated using CALIBomb, which accounts for the radiocarbon produced by atomic weapons testing . Thirteen .50-cm 3 samples from the upper 50 cm of core B690 at Bufflehead Pond were also dated by 210 Pb and 137 Cs activity measured by TeledyneBrown Engineering (Huntsville, Alabama, USA).
Pollen was analyzed in B690 and in one nearshore core (B100) from Bufflehead Pond at 5-10 cm intervals, using standard techniques (Faegri and Iversen 1989) . Pollen percentages are presented based on a sum of all terrestrial pollen types; we counted 286-365 terrestrial pollen grains per sample. Sedimentary data were obtained at the National Lacustrine Core Repository core lab (LacCore) at the University of Minnesota, using a multi-sensor core logger (Geotek, Daventry, Northants, UK) to obtain gamma-ray attenuation bulk density and magnetic susceptibility measurements (Last and Smol 2002) , a DMT CoreScanner (Essen, Germany) to collect digital images of cores (Last and Smol 2002) , and a muffle furnace to conduct loss-on-ignition analysis (Shuman 2003) .
Aquatic and nearshore macrophyte macrofossils provide an additional line of evidence for reconstructing the lake history (Digerfeldt 1986 , Dearing 1997 . We picked and identified macrofossils from contiguous 10-cm 3 samples from cores B690 and B100 that were wet sieved through a 125-lm mesh. Each macrofossil sample spanned 5 cm of core length. To aid interpretation, we also analyzed macrofossils in 26 surface sediment samples collected with an Ekman dredge at 50 cm depth intervals across Bufflehead Pond. Ten cm 3 sediment volumes were analyzed in the surface samples, but we confirmed our results by analyzing larger (50 cm 3 ) volumes in a subset of samples. Additional information was obtained from pollen-slide counts of Nymphaceae trichosclereids, cells from the bases of leaf hairs on Nymphaea and Nuphar spp.
To further aid the interpretation of our data, we examined local forest demographics over the last two centuries near Bufflehead Pond. The Wood-Rill SNA, which surrounds the pond, is a 60-ha preserve of deciduous Acer-Tilia-Quercus forest on the western edge of the Twin Cities metropolitan area and was once part of the more extensive Big Woods. Our analysis included crossdating tree cores extracted at a height of 1 m from 40 Acer saccharum trees of closed-canopy forest near Bufflehead Pond, and obtaining the pith ages of the trees. The cores were collected, prepared, and analyzed following standard dendrochronological procedures (Stokes and Smiley 1996) . We compared the results with similar work ( 
RESULTS

Historical changes at the study sites
Aerial photographs beginning in AD 1937 show that Bufflehead Pond and Wolsfeld Lake have responded to historical droughts (Fig. 1) . Water levels declined during the AD 1930s ''Dust Bowl'' drought and have been high since the AD 1940s when regional moisture balance increased.
Partially submerged stumps (each .40 cm in diameter) ring each of the lakes at water depths of up to 60 cm ( Fig. 1 ). These stumps may represent tree growth during low water levels in the AD 1930s, but for several reasons they have a high probability of having grown during periods of low water as early as AD 1663. First, trees are absent from stump locations at Bufflehead Pond in AD 1930s aerial photos (Fig. 1) . Second, the radiocarbon ages (Table 1) of wood from the center of two stumps in Bufflehead Pond indicate that one of the trees, if it established in the 20th century, could have grown only between AD 1944 and 1950 (17.4% probability). However, water levels had already begun to rise at lakes in the area by AD 1941 (Fig. 3A) . The second stump Dates were calibrated using CALIB 5.0.2 ), except for sample Beta 204472, which was calibrated with subannual resolution using CALIBomb . Radiocarbon ages are calculated based on isotopic values relative to AD 1950. Samples that are younger than AD 1950 have .100% of the ''modern'' radiocarbon concentration and can be calibrated with sub-annual (monthly) precision (decimals) using CALIBomb .
à Denotes out-of-order age.
could have grown in the 20th century between AD 1919 and 1952 (21.3% probability).
In the uplands around Bufflehead Pond, dominant tree species, such as Acer saccharum, continued to be recruited to .100 cm height during the AD 1930s drought (Fig. 3D) . Increment cores from trees near the pond indicate peak annual recruitment of A. saccharum (four trees) in AD 1934, and that 21 of the 40 trees sampled recruited from AD 1930 AD -1941 . A similar peak in tree recruitment was recorded in pith dates at 30 cm FIG. 3 . Tree recruitment during historical droughts in central Minnesota. (A) Historical lake-level observations from Minnetonka Lake (4.5 km from Wolsfeld Lake and 2.5 km from Bufflehead Pond). (B) July-August Palmer Drought Severity Index (PDSI) reconstruction for east-central Minnesota (Cook and Krusic [2004] ; grid point 198) shows decadal droughts since AD 1800. (C) Cross-dated pith dates of 75 trees in the Helen Allison Savanna Scientific and Natural Area (Ziegler et al. 2008) . (D) Pith dates of 40 Acer saccharum trees in the Wood-Rill Scientific and Natural Area, surrounding Bufflehead Pond, show that trees grew to coring height during droughts. Pith dates indicate the age of the innermost, cross-dated tree ring in cores of each tree. Vertical gray bars show decadal-scale droughts, which are also indicated by the 11-year smooth of the PDSI reconstruction (heavy line). Vertical dashed lines mark years before AD 1900 with tree establishment and below-average PDSI. Helen Allison Savanna data include: 25 Quercus macrocarpa trees, including nine trees from before AD 1900 and four trees from AD 1930-1937; seven Q. ellipsoidalis trees since AD 1963; and 43 Fraxinus pennsylvanica trees since AD 1900.
height at the Helen Allison Savanna SNA (Ziegler et al. 2008) . Indeed, at both locations the only years when the growth to coring height of the modern living trees exceeded two trees per year were during the 1930s drought, and 10 of the 11 trees that date from before AD 1900 established during decadal droughts in the early and mid-19th century (Fig. 3) .
The data suggest that severe drought did not preclude recruitment of numerous small trees of four important Big Woods species. The 1930s peak in tree recruitment at the Helen Allison SNA includes both Fraxinus pennsylvanica Marsh. and Quercus macrocarpa Michx. Likewise, three of four Tilia americana trees (not shown) along with nine A. saccharum trees sampled at the Wood-Rill SNA have pith dates from 1933 to 1936. Although the proximate causes of these recruitment episodes are unclear, land use was not the same in the two settings (one a deciduous forest, the other an open savanna), and is unlikely to explain the similar recruitment patterns. Regional expansion of important tree populations, therefore, does not appear limited by regional moisture balance as low as the most severe drought of the 20th century.
Late-Holocene lake-level changes
Nearshore unconformities.-GPR profiles from both Wolsfeld Lake and Bufflehead Pond show evidence of submerged paleoshorelines associated with the truncation of older units of lacustrine sediment. The Wolsfeld Lake GPR data (Fig. 4) show that the sediment sequence is truncated near the water-sediment interface in water depths of ,2.1 m. We refer to the truncated sediments as unit 1. The radar reflector that truncates unit 1 is also buried by more recent sediment (units 2 and 3) ;35-40 m from the modern shoreline. At Bufflehead Pond (Fig. 5) , the most recent sediments are uniformly stratified, and form a well-defined onlapping sequence (shoreward expansion of progressively FIG. 4 . Ground-penetrating radar (GPR, in nanoseconds) and core data from Wolsfeld Lake. (A) A profile of GPR data shows the modern lake bathymetry as well as the stratigraphy of the underlying lake sediments; sedimentary features fade at depth as the radar signal becomes attenuated. Core locations are shown by arrows. (B) A schematic of our interpretation of the GPR data denotes the three major sediment units, which are numbered and delineated by heavy lines. Arrows show locations of reflector termination (e.g., onlapping over the underlying unit). (C) Magnetic susceptibility (dashed lines) and sediment density (solid lines) are shown for all three cores. Magnetic susceptibility is a unitless ratio of the induced magnetization of the sediments to the strength of the field used to induce the magnetization. Short horizontal bars to the right show the location of calibrated radiocarbon ages. younger sediments) above a paleoshoreline deposit, which is not well stratified. An associated unconformity truncates older, evenly stratified sediments. The presence of the paleoshorelines in the GPR data from the two lakes indicates that in the past the lakes were lower than they are today, whereas evidence of truncated units of ancient sediments indicates that earlier water levels were once as high as or higher than they are today.
Nearshore sand layers.-Consistent with the paleoshorelines and unconformities in the GPR profiles, sediment cores collected near to shore at Wolsfeld Lake contain 30-80 cm of organic-rich silts (correlative with GPR unit 1), which are bounded by dense magnetic sand layers (Fig. 4) . All of the cores are capped by sand layers 5-15 cm thick, and contain dense inorganic gray clays and silts below or interbedded with the sand layer that lies below unit 1. The dense gray clays and silts are probably of Pleistocene age, and the overlying sands represent subsequent low water levels. The sediment sequence confirms, however, that the lake was high enough during a portion of the Holocene for finegrained sediment to accumulate where sand currently accumulates in shallow water. Unit 1 probably represents the wettest period of the Holocene.
At Bufflehead Pond, we also find evidence of a recent low water-level interval. Cores and surface samples indicate that the modern lake sediments consist of an organic ooze, which extends from the deepest portions of the lake to water depths of ,50 cm where the sand content of the modern sediments becomes high. Cores B60, B80, and B100, however, each contain a layer of light-colored sand like that found near shore today; a correlative interval of sandy organic sediment (but not a visible sand layer) exists at 27-36 cm depth in B110 (Fig.  5) . The sandy sediments abruptly interrupt otherwise continuous organic-rich sediments in B80 and B100. Organic sediments above the sand layer in B100 are also .0.1 g/cm 3 (.15%) less dense than the organic sediments below the sand (Fig. 6 ). The sequence of dense, organic-rich sediments overlain by a sand layer and then low-density organic oozes is consistent with the unconformity in the GPR data, and probably indicates that the lakeshore was once closer to the center of the lake. Likewise, the uppermost organic-rich sediments in B100, B80, and B60 become progressively thinner and younger toward shore (beginning at AD 1850-1890 in B100, and at AD 1963-1970 in core B80; see next section), and are thus consistent with on-lapping in the GPR profiles and a recent expansion of the lake area.
Timing and rate of sand deposition.-At Wolsfeld Lake, in core W210, two radiocarbon ages at 88 and 9 cm depth bracket the interval of organic-rich silt deposition (Unit 1; Fig. 4C ). The lower date calibrates to 2280-2201 BC, and the upper date to 803-785 BC. Sediments accumulated at the core site at a net accumulation rate (possibly including the effects of erosion, compaction, and diagenesis) of 52.8-56.6 cm/kyr (kiloyears ¼ 1000 years) between ca. 2240 and 795 BC, but the last several millennia are represented in only 9 cm (;3.2 cm/kyr). Webb and Webb (1988) identified the threshold for ''nonconstant accumulation,'' such as is expected in shallow environments, at net sediment accumulation rates of ,10 cm/kyr. Based on the low net accumulation rate, the water depths of the core locations have been sufficiently shallow to minimize net sediment accumulation since 795 BC, but the water was previously deep enough to facilitate continuous sediment accumulation and preservation for several millennia.
At Bufflehead Pond, the sand layer in B100 is bracketed by a calibrated AMS radiocarbon date of AD 990-1150 from a depth of 40-41 cm in the core, and by the presence of .10% Ambrosia pollen at 30-31 cm, which indicates local land clearance by Euro-Americans between AD 1850 and 1890 (Figs. 5 and 6 ). Based on these ages, the sand layer in B100 was deposited in 900-700 years at a net accumulation rate of 11.4-14.3 cm/kyr, which is close to Webb and Webb's (1988) threshold. By contrast, sediments below the sand in B100 have a net accumulation rate of 41.1-57.5 cm/kyr after AD 80-213, and those above the sand accumulated at a net rate of 194-270 cm/kyr since ca. AD 1850 (based on dates in Table 1 and the historical Ambrosia rise). A calibrated AMS age of AD 773-684 on charcoal from 32 to 34 cm depth (near the top of the sand) in B100 (Table 1) is out of sequence because the date comes from within the Ambrosia rise.
In B80, an AMS radiocarbon age on macroscopic charcoal from a depth of 43-45 cm in the core and below the sand layer calibrates to AD 1260-1275, whereas an AMS analysis of terrestrial plant leaf macrofossils from above the sands at 14-15 cm contains radiocarbon levels attributable to atomic weapons testing (Fig. 5) . The upper age calibrates to AD 1963 AD -1971 , and is therefore notably younger than the radiocarbon dates of the two semi-submerged tree stumps. The result indicates that the trees grew during the period of sand deposition, and confirms the interpretation that the sand represents low water levels.
Pollen data.-At Bufflehead Pond, a comparison of the pollen stratigraphies from B690 and B100 indicates that the sand layer in B100 accumulated when the Big Woods formed (Fig. 6) . The lowermost pollen zone (BH-1) in B690 is dominated by 40-60% Quercus pollen with .5% Ostrya-type, .2.5% Ambrosia, and .2.5% Poaceae pollen also present. Acer, Ulmus, and Tilia pollen occur at ,2%. Above these sediments, beginning at 135 cm in B690, the Big Woods interval can be divided into two pollen zones. BH-2 contains high percentages of Ulmus (.5%) and Tilia (.2%) pollen, and BH-3 is marked by the addition of high percentages of Ostrya-type (.10%) and Acer saccharum pollen (.2.5%). The increase in Acer pollen percentages at the base of BH-3 in B690 is dated by a calibrated radiocarbon age of AD 1437-1615 on charcoal at 115 cm depth. The rise of Ambrosia pollen percentages to .10% at 80 cm in B690 denotes the onset of pollen zone BH-4 (Fig. 6) .
In B100, parts of the Big Woods pollen zones (e.g., .10% Ostrya-type pollen in the lower portion of zone BH-3) are absent, and the remainder of the zones (i.e., .2.5% Acer saccharum pollen in the upper portion of zone BH-3) coincides with the sand layer above 42 cm depth (Fig. 6B ). Organic sediments above the sand contain the high Ambrosia pollen percentages of zone BH-4. Pollen in the organic-rich sediments below the sand layer is consistent with radiocarbon ages that are older than the lowest portion of B690. Ostrya-type pollen percentages are lower and Poaceae pollen percentages are higher in the base of B100 than in the base of B690. Therefore, the 20-cm sand layer in B100 represents the same interval of time as the lower 90 cm of B690.
Littoral plant remains.-Both aquatic pollen types and the macrofossils of littoral and shoreline plants record a spatial shift in their patterns of accumulation over time, which is consistent with the inferred changes in water level. Nymphaea odorata Aiton grows today in a ring of water depths of ;0.5-1.5 m at Bufflehead Pond. Nymphaea pollen occurs at .0.5% in modern sediments in B100, but occurs at ,0.5% in B690. Nymphaea pollen percentages are ,0.5% in the upper 80 cm of B690, but are .1% in most samples above the sand in B100 (Fig. 7) . During the Big Woods pollen zones, BH-2 and BH-3, however, Nymphaea pollen percentages increase to .2% in B690 indicating that the lake was shallow enough to allow Nymphaea to grow near the core site. Consistent results are found in B100, where Nymphaea pollen decreases to ,1% in samples bracketing the visible sand layer. Below the Big Woods pollen zones (BH-2 and BH-3), Nymphaea pollen percentages are similar to those found today (,1% in B690 and .2% in B100). The abundance of Nymphaceae trichosclereids conforms to the patterns observed in Nymphaea pollen percentages (Fig. 7) , and supports their interpretation.
The macrofossils of several littoral and nearshore plant species also show a basin-ward shift in accumulation during the Big Woods pollen zone. Seeds and fruits of Carex scoparia Schkuhr ex Willd., Cyperus erythrorhizos Muhl., C. strigosus L., and Polygonum lapathifolium L. are common in the historical (post-1850 AD) sediments of B100, but do not occur in historical sediments from B690. Today, these macrofossils are found predominantly in surface sediment samples collected in water depths of ,4 m (Fig. 8) . Macrofossils of these species were found, however, within the Big Woods pollen zones, BH-2 and BH-3, in B690, and were absent from the sand layer in B100 (Fig. 7) . Below the Big Woods pollen zones, the species are again absent from B690 and present in B100. These littoral and nearshore plant remains, like the Nymphaceae pollen and trichosclereids, corroborate the inference that the water level of Bufflehead Pond was low when the Big Woods formed.
DISCUSSION
Evidence of the Big Woods drought
When the Big Woods formed, water levels at Bufflehead Pond were lower than at any other time for more than 1800 years. This inference is based on nearshore sand layers and unconformities, which (1) are bracketed by calibrated radiocarbon ages and other age markers spanning from before AD 1275 to after AD 1850, (2) contain the Big Woods pollen zones, and (3) coincide with the presence of littoral-plant remains in the center of the pond. Indeed, the presence of finegrained sediments (unit 1) near shore at Wolsfeld Lake indicates that the highest water levels of the Holocene were likely reached before the Big Woods developed. These fine-grained sediments accumulated at Wolsfeld Lake from 2240 to 795 BC when pollen data from Elk Lake, Minnesota indicate the highest annual precipitation rates of the Holocene and when sedimentary charcoal from Big Woods' lakes indicate peak biomass burning (Camill et al. 2003) .
Because the date of AD 1265 (1275-1260) in B80 is the youngest of the dates below the sand layer at Bufflehead Pond, we assume that the water levels in the lake did not drop until after that time. Littoral plant remains in B690 indicate that the lowest water levels were reached by AD 1480 (when the Big Woods was forming). Some sediment erosion or sediment redeposition associated with the low water levels could account for the age of ca. AD 1030 below the sand in B100.
Six lines of evidence eliminate run-off (storm or snowmelt) events or slumps as the source of the sand layers and unconformities at both Wolsfeld Lake and Bufflehead Pond. First, littoral plant remains indicate that the sand layers were deposited at Bufflehead Pond when the lake was shallower than today. Second, the low slope of the lake margins (typically 0.01-0.05 m/m based on the ratio of the core water depths and distances to shore; see also Figs. 4 and 5) precludes slumping or other mass movement. Third, the unconformities ring the basins (e.g., Fig. 5A, B) , which would be unlikely for a localized slump or channelized surface runoff. Fourth, the low sedimentation rates associated with the sands are inconsistent with a rapid depositional event (e.g., Noren et al. 2002) , and probably represent nonconstant deposition in shallow water (Webb and Webb 1988) . Fifth, runoff cannot explain the sharp density difference between the organic silts above and below the sand layer in B100 (Fig. 6B) , which is explained well by a period of low water levels that enabled the dewatering and compaction of older sediments. Finally, subsequent organic-rich accumulation would not expand shoreward FIG. 6 . Pollen data from Bufflehead Pond cores B690 and B100. High Ostrya-type, Ulmus, Tilia, and Acer saccharum pollen percentages, diagnostic of the Big Woods (Grimm 1983 , Umbanhowar 2004 , define two pollen zones (BH-2 and BH-3; gray bars) (A) between 135 and 80 cm in B690 and (B) within the sand layer from 41 to 30 cm in B100. Low loss-on-ignition (thin line) and high bulk density (thick line) mark the sand layer in B100; note also a significant drop in bulk density from below to above the sand layer. Solid circles mark the positions of AMS (accelerator mass spectrometry) radiocarbon dates; the short-dashed line in panel (A) marks the position of the lowermost sediments with high Cs 137 concentration (indicative of hydrogen weapons testing beginning in 1954) in B690. Unlike other cores, core B690 was collected in two segments; section 1 (black shading) contained the most recent sediments and the water-sediment interface; section 2 (medium gray shading) extended more deeply.
time-transgressively over a slump or runoff deposit. Instead, new sediments would evenly drape over such deposits, which is inconsistent with the on-lapping sediments above the sands in both the cores at Bufflehead Pond (i.e., the shoreward decrease in the age of the organic sediments above the sand layers; Fig.  5D ) and in the radar data at both lakes (Figs. 4 and 5) .
Our results also do not stand alone. Nine detailed studies of Minnesota paleoclimates have inferred episodes of drought or low annual precipitation rates beginning at AD 1340 6 150 yr (estimated age 6 SD) and ending by AD 1650 6 170 yr; we found no detailed research from Minnesota that did not record extraordinary drought during this period. The evidence for drought derives from fossil pollen data (at AD 1325 -1650 , Gajewski 1988 AD 1300 -1400 and 1660 -1710 , St. Jacques et al. 2008 , fire history data (AD 1325 -1650 , Clark 1988 , oxygen isotopes (e.g., AD 1150-1350 and 1500-1700, Tian et al. 2006) , peat deposits (e.g., a hiatus in peat accumulation from AD 1340-1810, Booth et al. 2006 ), diatoms (e.g., AD 1450 -1750 , Dean et al. 1994 , and aeolian deposition in lakes (e.g., after AD 1150, Dean 1997, Nelson and Hu 2008; see Fig. 2B) . Likewise, dunes and loess deposits show evidence of repeated aeolian activity and no evidence of soil formation (i.e., wet conditions) in the dune areas of the Great Plains from AD 1200-1850 (e.g., Miao et al. 2007 ).
Only one vegetation-independent data set from the region supports the hypothesis of high regional moisture balance when the Big Woods formed. Laird et al. (1996) used fossil diatoms to document a decline in the alkalinity of Moon Lake, North Dakota, beginning about AD 1200, which has been interpreted as the result of an increase in regional moisture balance. However, a diatom record from Coldwater Lake, also in eastern North Dakota, documents an opposite trend in lake salinity at the same time (Fritz et al. 2000) . Likewise, fossil diatom assemblages similar to those from the arid mid-Holocene have been consistently found after AD 1300 in Minnesota and Wisconsin (see Fig. 2A ; Farris 1981 , Bradbury 1986 , Brugam et al. 1988 , Bradbury and Dieterich-Rurup 1993 , Dean et al. 1994 ). Even at Moon Lake, Ambrosia pollen percentages, which are expected to be high during droughty intervals, increased during the period of Big Woods development at the expense of Poaceae pollen percentages, which are expected to be high when annual precipitation is high (Clark et al. 2001 , Grimm 2002 .
Local evidence from published data at Wolsfeld and other Big Woods lakes also appears consistent with our interpretations. Grimm's (1983) lake sediment core from Wolsfeld Lake has similar sediment characteristics (i.e., high mineral content, high density) during both the dry mid-Holocene and the Big Woods period, as has been found at other sites in Minnesota (e.g., Bradbury and Dean 1993, Nelson and Hu 2008;  Fig. 2B ). Umbanhowar (2004) also determined that the magnetic characteristics of lake sediments ( potentially related to drought) in central Minnesota during the Big Woods period were like those during the dry mid-Holocene (see Camill et al. 2003) . Grimm (1983) attributed the highmineral content of the Big-Woods-age sediments to erosion from runoff during a wet period, but we find that when the Big Woods formed, the water levels of Wolsfeld Lake must have been lower than they were from 2240 to 795 BC.
We conclude that the most parsimonious interpretation of the data is that the Big Woods developed during a time of regionally extensive drought, but alternative interpretations of the data include the following. First, the low water levels could represent hydrologic readjustment during an uninterrupted trend toward high moisture balance if rising groundwater levels affected hydrologic baselines by causing erosion of lake outlets. Bufflehead Pond, however, does not have an outlet, and this hypothesis does not explain evidence of drought at numerous other locations. Second, the transition from open woodlands to dense Quercus forest and then the Big Woods could have increased transpiration to the degree that local groundwater levels fell (e.g., Jackson et al. 2005) . Such a change in transpiration could locally amplify the effects of drought on Wolsfeld Lake and Bufflehead Pond, but evidence for drought is also found in both prairie and long-forested areas where transpiration rates were unlikely to have been increased by vegetation change (e.g., Booth et al. 2006 , Miao et al. 2007 ). Finally, a shift in the seasonality of precipitation could have increased fuel moisture during fire seasons (i.e., in the fall and spring when senesced biomass typically provides dry fuels). Such a shift in precipitation, however, would also contribute to high lake levels because evapotranspiration is low during these seasons (see e.g., Shuman and Donnelly 2006) .
Comparison of climate, vegetation, and fire histories
Data from Umbanhowar (2004) show that Poaceae pollen percentages and sedimentary charcoal influx declined at 14 lakes in the region at AD 1300 6 160 yr and AD 1310 6 180 yr, respectively (see histograms of these ages in Fig. 9 ). These ages overlap with the date of AD 1260-1275 from below the sand layer in B80, which is consistent with the hypothesis that a decline in regional moisture balance altered fire regimes and thus the vegetation (Fig. 9) . Likewise, the coincidence of high water levels at Wolsfeld Lake at 2240-795 BC with peak charcoal accumulation rates in south-central Minnesota at 2300-500 BC (Camill et al. 2003 , Umbanhowar et al. 2006 ) is consistent with observations that grass productivity and its spatial variability are strongly influenced by moisture balance in modern tallgrass prairies (Knapp et al. 2001) .
Low charcoal inputs into prairie lakes at the margins of the Big Woods after ca. AD 1300 (Umbanhowar 2004 ) support the interpretation that drought induced changes in grassland biomass and thus burning. Wet growing seasons would have been expected to increase prairie biomass (Knapp et al. 2001 ) and thus fire severity (Clark et al. 2001) , and as noted above wet fire seasons would likely have raised water levels. Additionally, a simultaneous albeit small regional increase in Ambrosia pollen percentages (see e.g., Figs. 2C and 9; , Brugam and Swain 2000 , Clark et al. 2001 , Umbanhowar 2004 , Nelson and Hu 2008 , St. Jacques et al. 2008 ) may denote breaks in the continuity of grassland fuels, which helped to reduce the spread of severe fires after AD 1300. High Ambrosia pollen percentages can indicate areas of bare ground (Grimm 2002) .
The regional reduction in fire severities probably facilitated forest composition changes after ca. AD 1300, including an initial increase in Quercus spp. abundance and the subsequent development of extensive Ulmus-Ostrya and Acer-Tilia-Ulmus communities, despite persistent or repeated droughts that lowered lake levels (Fig. 9) . Similarly, populations of these tree species had tolerated droughts during the mid-Holocene (Fig. 2D-F) and had recruited new saplings during the AD 1930s in the Wood-Rill and Helen Allison Savanna SNAs (Fig. 3) . The Big Woods drought also coincided with the low temperatures of ''the Little Ice Age'' from AD 1300 to 1850 (Fagan 2000) , which extended into Minnesota (Gajewski 1988) and probably contributed to the woodland-to-forest transition because Acer, Tilia, and Ulmus spp. can tolerate lower temperatures than Quercus spp. (Thompson et al. 1999 , Williams et al. 2006 . Indeed, the onset of low temperatures was inferred from fossil pollen data (Gajewski 1988) and therefore may contribute to many of the simultaneous forest changes throughout Minnesota and Wisconsin (e.g., Almendinger 1992 , Hotchkiss et al. 2007 ).
CONCLUSIONS
As noted by Doak et al. (2008) , ecological surprises arise because species have multidimensional requirements (e.g., climatic tolerances arising from multiple traits and life stages) and context-dependent sensitivities FIG. 9 . Drought, reduced grassland biomass and fire severity, and forest development over time. The Big Woods drought is recorded by a decline in lake levels, indicated here by the percentage loss-on-ignition (LOI) data from Bufflehead Pond (B100). Regionally representative pollen data (from Pogonia Bog Pond, near Bufflehead Pond; Brugam and Swain 2000) and sedimentary charcoal data (Umbanhowar 2004 ) then show (from bottom to top in the figure): (1) a decline in Poaceae pollen percentages (and subsequent small rise in Ambrosia pollen percentages), (2) a regional decline in sedimentary charcoal influx (fire severity), and (3) sequential increases in Quercus, Ostrya-type, and Acer pollen percentages. Histograms show the timing of the decline in Poaceae pollen percentages and charcoal influx at sites studied by Umbanhowar (2004). to shifting abiotic conditions (e.g., species climate tolerances may depend on interactions with other stresses). The indication that drought facilitated the replacement of Quercus woodlands by the Big Woods forest demonstrates both possibilities. As proposed by Grimm (1983) , multiple states have existed in Minnesota's forest-grassland mosaic depending on the combination of climate and fire regimes. Regional moisture balance probably was too low to sustain closed deciduous forests at 6000-2000 BC, and severe fires favored open woodlands over dense forest even when moisture balance was most positive from ca. 2200 to 800 BC. The Big Woods deciduous forest therefore developed under the particular combination of moisture balance, temperatures, and fire regimes that existed after AD 1300, even though that combination included lower moisture balance than during preceding millennia. Similar combinations of multiple factors have probably mediated other undetected ecological ''surprises'' in response to past climatic changes, and will almost certainly yield other counterintuitive outcomes in the future.
